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SUMMARY

Traditional smeared orthotropic models display an unacceptable dependence of the solution on the align-
ment of the mesh, which usually manifests as stress locking. A solution for this drawback is proposed
in this paper by adopting the concept of embedded inelastic strains, rather than displacement jumps, and
by linking the structure of the inelastic strain to the geometry of the cracked element. The resulting
model, applicable to linear 3-noded triangles, is formulated as a non-symmetric orthotropic local damage
constitutive model, with the softening modulus regularized according to the material fracture energy and
the element size. Analytical and numerical results show that this approach is effective in removing the
locking problem as well as efficient from the computational point of view. Copyright © 2008 John Wiley
& Sons, Ltd.
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1. INTRODUCTION

The modelling of tensile cracks has been a subject of earnest interest, both professional and
academic, since the earliest applications of the finite element (FE) method to concrete structures,
back in the 1960s. For more than 40 years, many different strategies for crack modellization have
been suggested and new terminology has been coined.

From the very beginning [1, 2], two alternative approaches have been used: the discontinuous
and the continuous crack approaches. In the discontinuous (also known as ‘discrete’) crack models,
the displacement field is discontinuous across the crack and the cohesive behaviour of this is
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established through a softening traction—separation law. Contrariwise, in the continuous (also
known as ‘smeared’) crack models, displacement jumps across the crack are smeared over the
affected elements and the overall behaviour is established through a softening stress—(total) strain
law.

The first option is mostly used in the context of Fracture Mechanics, whereas the second is
frequently adopted in Continuum Mechanics. In addition, the smeared crack concept is more easily
implemented in a standard non-linear FE code, and this is the reason why most structural engineers
favour this approach. However, the observed mesh size and mesh bias dependence exhibited by
these models have made the academic world very suspicious about this format. In fact, a lot of
effort has been spent in the last decades to explain the observed drawbacks of this approach.

However, the most promising of the newly proposed methods resign from the smeared approach
and turn back to the discontinuous format. Here, we can mention the extended finite element
method (X-FEM) [3-5], which fits in the Fracture Mechanics framework, and the so-called strong
discontinuity approach [6—16], which, starting from Continuum Mechanics, leads to enhanced
formulations for FEs with embedded displacement discontinuities.

Nevertheless, the experience gained from the new embedded formulations opens the possibility
of a novel version of smeared models, here termed as smeared-embedded crack models, which
incorporate the effect of the displacement jumps in the strain field of the elements, rather than the
actual jumps themselves. In such models, on one hand, all computations are made at a constitutive
level and this allows the use of standard elements with continuous displacement fields, making
the implementation of these models straightforward in any non-linear FE code. On the other hand,
they introduce the necessary corrections to avoid mesh size and mesh bias dependency.

Accordingly, the objectives of this paper are twofold: (i) to provide insight into the source of
locking problems associated with existing smeared orthotropic crack models and (ii) to provide a
conceptual comparison between these and the strong discontinuity approach.

The outline of this paper is as follows. In the following section, we define the main targets
of the smeared-embedded models, in both the continuum and the discrete settings. Then, an
orthotropic Rankine continuum damage model, suitable for degradation under tensile straining,
is presented. It is shown that this model successfully overcomes the difficulties presented by the
classical orthotropic smeared models. Finally, selected numerical examples are presented to assess
the proposed formulation.

2. THE SMEARED-EMBEDDED CRACK APPROACH

In this section, we introduce the smeared-embedded approach, a variation of the original smeared
approach [2], with inputs from the so-called embedded discontinuities or strong discontinuity
approach [6]. We will consider both the formulation at continuum level and its discrete counterpart,
the FE implementation.

The FE implementation is restricted to 2D meshes with linear 3-noded FE. Even if the limited
approximation capabilities of this CST element are well known, it is vastly used in practical
applications due to its simplicity and easiness of use. Two considerations can be made related to
this. On one hand, extension of the present work to quadrilateral elements in 2D may proceed along
the ideas presented in References [13, 14]. As it is shown in the numerical applications shown
there, the benefits of using quadrilaterals over triangles are evident in coarse meshes; however,
crack propagation problems always require fine meshes along the crack path and, thus, those
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benefits do not show so patently. On the other hand, the extension of the present approach to 3D
meshes with linear 4-noded tetrahedra seems relatively simple.

2.1. Continuum setting

Consider an elastic body €, shown in Figure 1(a), crossed by a discontinuity S, which represents
a crack. Regions Q" and Q™ are the parts of the body located ‘in front’ and ‘behind’ the crack.

The smeared continuum crack model is represented in Figures 1(a) and 2(a). Here, ST and S—
are two lines that run parallel to S, at a relative distance of /#, measured in the direction normal
to the crack. In this model, the normal jump w occurring at S is smeared over the distance &. The
top graph in Figure 2(a) shows the normal displacement along a line normal to the crack, with
the normal jump w smeared continuously between S~ and S™. The corresponding normal strain
is shown in the bottom graph, with no discontinuity occurring at S. The adoption of a continuous
displacement description for the crack allows to formulate the constitutive behaviour in terms of a
softening stress—(total) strain law, thus avoiding the need of establishing an ad hoc traction—jump
cohesive law.

The smeared-embedded continuum crack model, represented in Figure 2(b), is introduced as a
refinement of the basic smeared continuum model. In it the displacement field is continuous inside
the localization band but, as in other embedded models, the strain field is decomposed into its
elastic and inelastic parts, the latter due to the crack

g=e+¢ (1)
The inelastic strain in the band can be constructed in the form
¢ =n®e)’=1[(n®e)+ne)'] ()

where n is a unit vector normal to the crack and e is the inelastic deformation vector on the plane
of the crack. From this, the displacement jump across the crack w can be evaluated as

w=he 3)

Once the inelastic part of the strain is discounted, the stress can be related to the remaining
elastic part. The inelastic deformation vector e and, therefore, the contribution of the crack to

S+

(a)

Figure 1. Modellization of a crack by the smeared approach: (a) continuum level and (b) discrete level.
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Figure 2. Smeared approaches to crack modellization: (a) standard and (b) embedded.

the displacement field is now an additional unknown that can be evaluated locally by imposing
continuity of tractions inside and outside the discontinuity S.

2.2. Discrete setting

Let us now consider an FE discretization of the body Q, as shown in Figure 1(b), crossed by a
discontinuity S. In this discrete model, ST and S~ are two lines of nodes that run parallel to S, at
a relative distance h, related to the element size, and the crack crosses the elements located inside
that band.

This smeared approach was first used by Rashid [2]. The main appeal of this format for crack
modelling is that, in principle, it does not require remeshing, as the crack may cross the elements
arbitrarily and, not least importantly, it is of straightforward implementation in any non-linear FE
code by simply writing a routine for a new material-constitutive model.

However, in a multi-dimensional setting, this original format based on orthotropic models is
known to suffer from serious stress locking, even if directional constraints are lightened by using
rotating models where total strains and stresses are always co-axial. This evidence led in the 1990s
to the progressive neglect of the orthotropic models in favour of isotropic models, in both damage
and plasticity frameworks [17, 18].

Let us explore in detail where the origin of the problem of stress locking lies. The following
analysis follows the lines sketched in Reference [19] for the analysis of the rotating cracking
model. As in there, for simplicity, we will consider a 2D plane stress situation. In the following,
we will use Voigt notation for the strain, stress and constitutive tensors.

Consider an isotropic body subjected to increasing uniaxial straining. Initially, the behaviour
of the body is elastic (£ and v being Young’s modulus and the Poisson ratio, respectively) but,
once the strength of the material is exhausted, the material starts to soften and damage occurs in
the direction perpendicular to the direction of the applied strain (and stress). This situation can be
viewed as an opening cohesive crack that transfers decreasing stress as the surrounding material
unloads.

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2008; 76:1930-1954
DOI: 10.1002/nme



1934 M. CERVERA

Let us now consider the discrete model depicted in Figure 3, consisting of a linear 3-noded
triangle crossed by a line discontinuity representing a crack. Global coordinate axes are introduced,
such that the x-axis is aligned with the applied straining and the crack and the y-axis are orthogonal
to them. The strain field inside the CST can be expressed, in matrix form, as

Ur—uq
&y y3—Y1 0 yi—y 0
0 0 e )
& = — X1 —X X2 —X
y 7A 1—X3 2—X1 P
Txy X1—=X3 Y3—=Y1 X2—X1 Y1—)2
V3 — V1

where A is the area of the element, x; and y; are the nodal coordinates and u; and v; are the
horizontal and vertical components of the nodal displacements, respectively.
Before cracking occurs, the displacement differences can be expressed as

ui—uj = (xi—x;), Vi—v;=—vec(yi —y)) &)

where &, represents the homogeneous strain applied in the x-direction. As expected, using expres-
sions (5) in (4) yields the exact strain field:

&y 1
&y |=| —v|& (6)
Vxy 0

After cracking occurs, the situation is more complex. Referring again to Figure 3, let us consider
a unit vector n=[1,0]T pointing in the direction normal to the crack. Let m=[m,,m y]T be another
unit vector that is selected as the normal to the element side that maximizes the value of the
product [n-m|. Let 1~ and 2~ be the nodes that define this side and 3™ be the remaining node.

1— 1

Figure 3. Three-noded plane stress triangle subjected to uniaxial straining.
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We will assume that the crack does not intersect the side 1~ —27 and that it separates this side
from node 3% (solitary node). Vector n is directed so that it points to 31 and vector m is directed
so that the product n-m>0.

In addition, we will take the width of the localization band, /, as the distance from the solitary
node 3" to the opposite side 1~ —27. This allows one to identify the contribution of the crack to
the displacement field inside the element as w=he. Note that this ‘displacement jump’ need not
be co-axial with vector n or with vector m. The appropriate selection of length £ is very important
in the FE implementation of a smeared model, as it affects the value of the discrete softening
parameter, as it will be shown below. In an orthotropic model, where damage is associated with a
specific damage plane, 2 must be selected according to the orientation of this plane. Contrariwise,
in an isotropic model, where damage does not have a directional character, it is usual to select
length £ related to the element diameter.

After cracking, the applied straining &, can be decomposed into an elastic part (g)® and an
inelastic part that we can express as (&) =w,/(x3—x1), where w, is the opening of the crack
and x3 —x is the projection of the element in the direction orthogonal to the crack.

As nodes 1~ and 2~ are located on the same side of the crack, the difference up —u; does not
vary from the pre-crack situation. However, difference u3 —u; is now

w3 —uy =[(E)° 4 (&) 1(x3 —x1) (7

Substituting these differences into (4) and assuming that the Poisson effect is purely elastic yields
the following post-cracking strain field:

Ex 17 yi—y
ey | =1|—v (§)e+% 0 |wx (8a)
Vxy [ 0 X2 — X1
T 1T 1
=| —v|@E)+| 0| @) (8b)
| 0 | m

where m=my/my;=(y; —y2)(x3—x1)/2A is the tangent of the angle between vectors m and n.
Note that the inelastic components of the strain are proportional to the opening of the crack wy,
but the structure of the inelastic strain vector depends on the direction of vector m, that is, on the
orientation of side 1~ —27 with respect to the crack, a feature specific to the spatial discretization
used in the modellization.

Let us introduce a scalar ﬂ:(a)i /(&) as the ratio of the inelastic to the total strain in the
x-direction. We can rewrite Equation (8b) as

&y 1
e=| &g |=| —v(1=p) | (&) €)
Vxy mp

Figure 4 (left) represents the evolution of the three strain components as the axial strain increases,
for a case with a=arctanm =—30°, m =—+/3/3. The assumed material properties are Young’s
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Figure 4. Strains and stresses developed in the discrete model.

modulus E =2GPa, the Poisson ratio v=0.3, tensile strength 6g=1MPa and mode I fracture
energy Gy=250J/m?. Note how the spurious shear strain is directly proportional to the inelastic
axial strain. This ‘inelastic’ shear strain component depends in an obvious manner on the orientation
of the mesh and it only vanishes if vector m coincides with vector n, that is, if the crack is parallel
to one of the sides of the FE (m =0). This phenomenon appears due to the limitations of the
spatial discretization; it is exclusive to the discrete model and it is not present in the continuum
model. Therefore, the discrete crack model must be ‘mesh corrected’ to be able to represent
properly the inelastic axial component of the strain (&) = P(&x) and, also, the spurious shear strain
(Ty) =mB(E).

This sort of limitation due to the spatial discretization is not exclusive of the problem of mode I
fracture. A similar difficulty appears when using incompressible von Mises-type softening models.
Also in that case the discrete problem has to be modified appropriately to obtain mesh-independent
results [20, 21].

Inspection of the total strain vector in Equation (9) shows that to obtain the correct elastic stress
vector, the inelastic material model should be able to provide inelastic strains with the structure

1
e=| 0|z (10)
m
which can be expressed as
my
d—Meez| 0 m,||"7™ (11)
my My 0

where e is the inelastic deformation vector on the plane of the crack. Note that e, =f7% /my=w,/ h.
Matrix M, constructed from the components of vector m, is the Voigt representation of the
projection tensor (Me); jx = %(5 jkmi+9djxm ). In fact, we can write that matrix M. is simply

M. =hB;3+ (12)
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where B3+ is the displacement-strain sub-matrix corresponding to the solitary node 37. Therefore,
the inelastic strain matrix €' can be written as

si=MBe=B3+w (13)

where w= he represents the displacement jump at the crack. On one hand, this clarifies the smeared
nature of this model and, on the other hand, shows its close relation with the discontinuous-
embedded models and with the enhanced assumed strain methods.

3. ORTHOTROPIC RANKINE DAMAGE MODEL

Classical smeared crack models are formulated as hyperelastic constitutive models, based on stress
vs total strain relationships. In them, the material is initially isotropic, and a Rankine criterion,
based on maximum tensile stress or strain, is used to define the onset of cracking. Thereafter,
the behaviour is considered orthotropic, with different stiffnesses in the directions orthogonal and
parallel to the crack. The Poisson effect is usually neglected after cracking.

However, it was soon observed that, in the discrete problem, orthotropic models lead to locking
caused by spurious shear strains. Rotating crack models, in which the axes of induced orthotropy
rotate as the principal strains do, were proposed to alleviate this problem. Unfortunately, even if the
adoption of these co-rotational models avoids the question of shear transfer on the cracked plane,
it does not correct the basic difficulty in locking due to spurious shear inelastic straining. This is
because the FEs that implement the model are standard, and they develop the same spurious shear
strains and stresses as the fixed models [19]. Furthermore, the re-orientation of the orthotropy axes
is spoiled by these spurious contributions.

After 1990, it was observed that isotropic damage models mitigate to a large extent the problem
of stress locking exhibited by the orthotropic crack models [17, 18]. Since then, isotropic damage
models have been frequently used to simulate tensile fracture [22—27]. Anisotropic damage models
have also been formulated [28], but their practical application is restricted by the same shear locking
problem that affects the classical crack models. In fact, it is easy to show that the framework of
continuum damage mechanics is very similar to the format of the original smeared crack models
[29]. In this paper, we recover the tradition of those orthotropic models, reformulated within the
CDM theory, and introducing a corrective mesh-dependent term to overcome the shear locking
difficulty.

In this section we define an orthotropic damage model that depends on the definition of two
physical directions aligned with two unit vectors n and m. As introduced in Section 2.2 and shown
in Figure 3, vector n is orthogonal to the damaged plane and vector m determines the structure
of the inelastic strains (or stresses). For a classical Rankine model, damage occurs in a plane
orthogonal to the major principal strain/stress and, therefore, this is the direction of vector n. It is
also standard, at continuum level, to consider that m =n. However, in the discrete problem, when
the behaviour of FEs is considered, it is convenient to consider two separate vectors, m=n-+0,
where 6 is a mesh-dependent correction to n.

We have chosen a stress vs fotal strain format for the secant constitutive relationship because
this fits well with the tradition in damage mechanics and smeared crack models. However, it is
also possible to establish a rate tangent constitutive relationship. This would be the natural choice
for a plasticity-type model.
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Finally, a comment is necessary about the alternative between fixed and rotating smeared-
embedded models. Obviously, both are defined depending on whether the directions identified by
vectors n and m are kept fixed after the onset of cracking or whether they are updated thereafter
according to the principal directions of strain/stress. Practical applications show that fixed models
only work satisfactorily if the direction of straining does not change significantly during the loading
process; otherwise, the locking difficulties progressively reappear. The first case occurs when
cracks form completely at a given time and do not propagate; the second, much more frequent
case, is typical of cracks that propagate with time across the domain of analysis. It is very possible
that a model established in terms of a rate tangent constitutive relationship would circumvent this
problem.

3.1. Inelastic deformation and traction

Let us begin by introducing the inelastic deformation vector e. In the smeared crack model, the
inelastic deformation vector e can be viewed as the smearing, over a length %, of the displacement
jump w across the crack, so that w=he. This vector is associated with a physical direction in
space identified by a unit vector n and the plane orthogonal to it (the plane of the ‘crack’). The
traction vector acting on this plane is

t=N'o (14)

where o is the (current) stress vector and N is the Voigt representation of the projection tensor N; jx =

%(5jkni+6,-knj), computed from the components of vector n. In 2D, assuming n=[ny, ny]T,
we have

ny O
N=| 0 ny (15)
ny Ty

Note that matrix N has the same structure as the matrix M, in Equation (12).
The constitutive behaviour on the crack plane is determined by the traction vs inelastic defor-
mation, t vs e, relationship. Formally, we can express

t=He=T"'Ce (16)

where T is a symmetric traction compliance matrix and Cisa symmetric reference stiffness
matrix.

Working in local coordinates for which the first axis is aligned with vector n, symmetry arguments
prove that the reference stiffness matrix must be diagonal. A natural option is to take C= NTCN,
where C is the isotropic linear—elastic constitutive matrix of the undamaged material. This relates
the reference stiffness of the crack to the elastic moduli of the material, without the need of
introducing additional parameters in the model.

As the traction compliance matrix is defined as a function of the traction, = F(t) or, alterna-
tively, of the inelastic deformation vector, = F(e) Equation (16) is non-linear.

For later use, let us also introduce the inelastic traction vector s acting on the crack plane in
the form

s=Ce (17
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so that Equation (16) can be expressed simply as

t=T""s (18)

3.2. Traction compliance and damage

Equations (16) and (18) depend on the definition of the traction compliance matrix f‘, which
defines the relationship between the inelastic deformation and the traction acting on the plane
orthogonal to vector n. Working in an orthonormal basis in which the first direction coincides with
n, the simplest compliance matrix takes the diagonal form

~ d

'=——-I 19

=4 (19)

where d, the damage index, is a scalar internal-like variable whose definition and evolution is
discussed below. In the context of a damage model, it is natural to define this relation in terms of
damage rather than compliance. The traction compliance matrix can be related to a corresponding
traction damage matrix defined as

Nl=ar (20)

D=[1+T"

This simple definition of D implies that the normal and tangential components of the traction

degrade in the same manner. The model may be refined by adopting a still diagonal form for D, but
with different damage indices, d;, and d;, for the normal and tangential components, respectively.

3.3. The damage index

To complete the formulation of the damage model at the crack plane, it is necessary to define the
evolution of the damage index, d, in terms of the evolution of the effective stresses or, equivalently,
the total strains.

The Rankine-type damage criterion, @, is introduced as

O(z,q)=1—4q(r)<0 2n

where the function ¢ =¢(r) is the stress-like softening function, and the equivalent stress, T, is
defined as

T={ty) (22)

where t,, is the normal stress acting on the plane orthogonal to direction n. The symbols (-) are
the Macaulay brackets ({x)=x, if x>0, (x) =0, if x<0).

Variable r is an internal stress-like variable representing the current damage threshold. It depends
on the evolution of the effective stresses and its value controls the size of the damage surface. The
initial value of the damage threshold is ro =a¢, where oy is the initial uniaxial damage stress.

In this study, we will use the following exponential softening law:

r—ro
q(r)=ropexp {—2H5 ( > } , Tro<r (23)
ro
where Hg>0 is a constant. Figure 5 shows a schematic representation of this function.
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Figure 5. Exponential softening function for the damage model.

The evolution of the damage threshold r and the damage bounding surface for loading, unloading
and reloading conditions is controlled by the Kuhn-Tucker relations and the damage consistency
condition, which are

7=0, ®(t,r) <0, F7d(r,r)=0 (24a)
if ®(t,r)=0 then 7d(z,r)=0 (24b)

The damage index d =d(r) is explicitly defined in terms of the corresponding current value of the
damage threshold

d(r):l—@, ro<r (25)

so that it is a monotonically increasing function such that 0<d<1.

3.4. Inelastic strain and stress

Let € be the total strain, computed as €= V*u, where u are the displacements, and let us consider
the usual decomposition of the total strain tensor into its elastic and inelastic components

e=¢+¢ (26)
so that we can express
6=C(s—¢) 27)

As the crucial point to define an orthotropic damage model, let us define the following structure
for the inelastic strain:

g =M.e (28)

where e is the inelastic deformation vector. Matrix M, was introduced in Equation (12).
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Related to the inelastic strain, we can introduce the inelastic stress as
¢ =Cs¢= CMee_lszMss 29)
where we observe that the structure of the inelastic stress is which is matrix Mg, given by
M, =CM,C"! (30)
The stresses in Equation (27) can also be expressed as
6=6—0 (31)
where the effective stress 6 [30] is computed in terms of the total strain € as

=Cg (32)

Ql

3.5. Traction equilibrium

Using Equations (14), (27) and (28), we can express

t=NT¢ (33a)
=NTCle—¢'] (33b)
=t—[NTCM,]e (33¢)

where we have introduced the effective traction vector t=NTg. Substituting law (16) into Equation
(33c¢) leads to

e=[T'C+NTCM,]'t=D.t (34)
Alternatively, using Equations (29), (33c) can be expressed as
t=t—[N"M]s (35)
and, substituting Equation (18), we obtain
s=[T "' +NTM,]'t=Djt (36)

Remark

Considering vector m as m=n+09, where 6 is a mesh-dependent correctzon to m, we can define
the mesh correction projection matrices Ac =Me—N and A;=CA, C~!. Now, assuming that C=
NTCN, and operating

D, = [T +NTMm, ! (37a)
=D~ +NTA{]™! (37b)
=D[I-NTAD ' +NTA{ '] (37¢)
=D-D, (37d)

with ﬁA =ﬁNTAS[ﬁ_1 +N1AS]_1. This expression shows clearly the structure of the non-
dimensional damage matrix Dy and the nature of the mesh correction associated with 8. Note that
DA vanishes if m=n.
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In addition, using Equation (17)

D.=C'[D-D,] (38)

3.6. Orthotropic damage

Once the inelastic deformation vector e is known from Equation (34), Equation (28) defines the
inelastic strain as

g =M.e =M.D.t= (M.D.N")5= (M.D.NT)Cs (39)
On the other hand, the inelastic stress is, from Equations (36) and (29)
¢' =M,s=M,Dit= (M;D;N")6=Dg (40)
so that the orthotropic damage matrix can be expressed as
D=M,DN" 1)
or, alternatively, as
D=C(M.D.N") (42)

Finally, from Equations (31) and (40), the constitutive equation for the orthotropic damage
model is defined as
c=I-D)s=(1-D)Ce (43)
where I is the identity matrix and D is the orthotropic damage matrix.
Because the value of the current normal stress in criterion (21) depends on the damage matrix
and this, in turn, depends on the damage index, the evaluation of the current stress is a non-linear
procedure that must be solved iteratively. The corresponding algorithm is described in Figure 6.

There, superindex (k) refers to the iteration counter of the non-linear loop that updates the damage
index and the other inelastic entities.

1. | Compute effec. stress & traction: [ =Ce ; t=N'g&

2. | Initialize iteration counter: k=0

3. | Initialize damage threshold: rk) = < t_,(Lk)>

4. | Update iteration counter: k=k+1

5. | Update damage index: d® =1- (q(r (k) /7’(1“))
6. | Compute damage matrix: Dk = Mg f)é’“) NT

7. | Compute stress & traction: ok = (I — D(k)) 7 ; th=NT o
8. | Compute equivalent stress: k) = t(nk)

9. | Update damage threshold: r®) =7 ® /(1 —d®)

10. | Check convergence on %)

11. | If NOT converged: GO TO Step 4.

12. | If converged: SET r=7® and d =d®

Figure 6. Algorithm for the determination of the damage index.
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3.7. Mechanical dissipation

In the continuum case, when 6 =0 and m =n, damage matrix ﬁe is symmetric and the constitutive
model can be appropriately derived from the mechanical free energy, defined as

W=3g' I-D)Ce=0 (44)

The necessary condmon W =0 is verified if D is positive definite and ||D||<1. These conditions
verify if matrix De is positive definite and ||De||<1 From Equations (20) and (34), and taking
C=NTCN, it is

o~

D.=C'D (45)

so D must be positive definite and ||ﬁ|| <l1.
Applying Coleman’s method, the secant constitutive equation (43) can be obtained from Equation
(44). By the same procedure, the rate of mechanical dissipation is obtained as

G = 28TDC8>0 (46)

The condition Z>0 is verified provided that the rate of the damage matrix D is positive definite. In
view of .Equations (42) and (45), this reduces to the condition that the rate of the traction damage

matrix D must be positive definite.
-~ A -~
The necessary conditions on D and D depend on the actual definition of D. For the simple case

D=dl, it is D=dI and, therefore, the conditions reduce to the standard inequalities 0<d<(1 and
d>0.

Using the definition of the effective traction vector t=NT¢ and with some manipulation,
Equation (46) can be rewritten as

G =1"C" D=0 (47)

which shows that all dissipation occurs on the damaged plane.

In the discrete case, when 6#0 and m~>~n, matrix D, is non-symmetric and the mechanical
free energy cannot be defined. Without resorting to a full convergence analysis, but in the spirit
of all discretization methods, we will assume that the discrete counterparts of Equations (43)
and (46) will converge to the continuum values on mesh refinement, in a global sense. This
does not require that 8 — 0 pointwise. This convergence argument is equally applicable to the
discrete implementation of the non-symmetric strong discontinuity approach, sometimes accused
of thermodynamical inconsistency because of its non-symmetric format.

3.8. Strain-softening and fracture energy release

Let us now consider an uniaxial tensile experiment such as the one described in Section 2.2, in
which the strain increases monotonically and quasi-statically from an initial unstressed state to
another in which full degradation takes place. Without loss of generality, we will assume v=0. In
this case

_ I ~ E 0 A .
t= n, C= , D=dI (48)
0 G
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Substituting these in Equation (47), and noting that ¢ =, and r =1,/(1 —d), the specific energy
dissipated in the process is

1=00 | t=00 d IZ 1 r=00 1 62
9=/ 9dl=/ T—arY=% qdr=(1+—)—° (49)
t=0 =0 1-d E E r=rq HS 2E

In order to relate the specific dissipated energy &, defined per unit volume in the localization
band, to the mode I fracture energy of the material %y, defined per unit area of damaged material,
we introduce the characteristic length h, width of the localization band, so that

TDh=%; (50)
Now, equating ¥ =%/ h to the result in Equation (49), we have

_ Hsh
T 1—-Hsh

Hg (D

where H =a% /(2E%¢) depends only on the material properties. This procedure makes the soft-
ening modulus Hs, which defines the softening response, dependent on length /. Defining the
material length Is=1/H g, Equation (51) can be rewritten as

_hNh
T Is—h Is

Hg (52)

where the approximation holds for Is > /.

4. THEORETICAL ANALYSIS

In this section we show that the smeared-embedded crack model defined above is able to reproduce
properly the expected strain and stress states in a situation of progressive uniaxial straining with
localization as the one described in Section 2.2. From there and Figure 3, let us recall that the
discrete total strain is given by Equation (9) as

&x 1
ey |=|—v(=p) | &) (53)
Vxy mf

where m=m,/m, is the tangent of the angle between vectors m and n and B=(%y)!/(&5) is the
ratio of the inelastic to the total strain in the x-direction. This ratio is to be determined, as it is
obviously related to the damage index.

Assuming plane stress conditions, the isotropic linear—elastic constitutive matrix of the undam-
aged material is

1 v 0
E
_ . v 1 0 (54)
1—v 2
00 —
I—v
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where E and v are Young’s modulus and the Poisson ratio, respectively. The shear modulus is
G=E/2(14v).
Assuming, as in Figure 3, that vector n=[1, 0]T and vector m={[m,, my]T, we have

m —m,y
10 my 0 S
2
N=[(0 O , e— 0 my |, Ms= Vi x l—my (55)
—v
My My 1—v
L 2 My x|
and
1 0
~ T E
C=N'CN= 5 2 (56)
1—v | =
1—v
Given the total strain, the effective stress is
1—v2(1=p)
E
s=ce=——| 7 | 57)
1—v 1—v
(5)
Therefore, the effective traction is
. 1—v?(1=p)
t=N's=—=1| /1, (&) (58)
1—v mp
()
Assuming a diagonal form for the traction damage matrix D=dI, we have
Dy = [T~ +NT™M,] ! (59a)
~ 1 —vmd |
d
=—| /1=v\ ~ (59b)
My — |md 1
2
2y ~
J 1 -\ md
—v
__d/mi (59¢)
1—v(md)? 1—v ~
— md 1
2
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where g_—mxd/[l —d(1—my)]. Therefore,
1—v2(1—B)—vdm? ~
£ vo(l—p)—vdm=p Tim,

:ﬁgE: — ~ ——  ~ 5 \Gx 60
T () me-da-2a-py =y ™ ©

From this, we can identify f= (&)1 (&) =d 1—v¥/(1— v2d ), and rewrite, in a much simpler way

E |18 _
s=—— | |—@ 61)
1—v2 | 0| my
Now, constructing the inelastic stress, we have
B
E vp _

(&x) (62)

Finally, subtracting the inelastic stress from the effective stress, we have the correct expression for
the stress, given by

(1-PE
6=6-6= 0 (&) (63)
0

where it can be observed that the spurious shear has been completely removed.
_ Note that at the inception of damage, when d <1, the first term in Equation (59a) is dominant,
d ~m,d and, therefore, the evolution of the damage index is affected by the direction of vector m.
On the other hand, when damage is nearly complete, that is, d — 1, f— 1, the relaxation of the
axial stress is complete.

We can compare this result with the one obtained with a classical orthotropic damage model.
To that end, we will consider that in this case

1 0
M;=CNC '=|v 0 (64)
0 1
and
Dy=[T"'+N"M,]"' =D=dI (65)
Therefore,
1—v2(1—=p)
s=Dii=-——; (ﬂ) g |1® (66)
2
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From this, we can identify f=(gy)!/(gy) =d (1 —v*)/(1 —v*d) and rewrite

1
£ BGE) (67)
S= — €
-2 | (1= md *
2
Now, constructing the inelastic stress, we have
B
E vp

12 <1—v> ) o
— |mdp
2

Finally, subtracting the inelastic stress from the effective stress, we have the stress given by

(1-PE
6=06-6= 0 (&) (69)
m(1—d)pG

where it can be observed that the spurious shear strain produced by the misalignment of the crack
with respect to the sides of the FE transforms into a corresponding spurious shear stress.

Figure 4 (right) represents the evolution of the axial and shear stress components in the ‘classical’
orthotropic model as the axial strain increases. The assumed material properties are Young’s
modulus E =2GPa, the Poisson ratio v=0.3, tensile strength ¢yp=1MPa and mode I fracture
energy G¢=250J/m?>. The angle between vectors n and m is assumed to be a=arctanm =—30°,
m=—+/3/3. Note how the axial stress reaches the peak and reduces exponentially thereafter. On
the other hand, the shear stress, which is null prior to cracking, increases after cracking to reach a
maximum value that is about 15% of the tensile strength. This spurious shear stress is progressively
released as damage increases. Figure 4 (right) also represents the evolution of the axial and shear
stress components in the corresponding ‘mesh-corrected’ orthotropic model. Note that in this case
the shear stress remains null throughout the loading process.

5. NUMERICAL EXAMPLES

The formulation presented in the preceding sections is illustrated below by solving two different
benchmark problems. The performance of the standard continuous displacement FEs is tested
considering 2D plane-strain 3-noded linear triangular meshes.

The examples are solved using the orthotropic damage model presented in Section 3 with
exponential softening, adjusted according to the element size. The following material properties
are assumed for both examples: Young’s modulus E=30GPa, the Poisson ratio v=0.2, tensile
strength 6= 2 MPa and mode I fracture energy G¢=100J/m?.

The discrete problem is solved incrementally, in a (pseudo)time step-by-step manner. In all cases
200 equal time steps are performed to complete the analyses. Within each step, convergence of
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the non-linear procedure is attained when the ratio of the norm of the iterative to the incremental
norm of the computed displacements is lower than 1074,

In the following examples, the determination of the direction of propagation of the strain local-
ization band is treated as a separate problem, coupled to that of solving the balance of momentum
equation. The use of crack tracking algorithms is a well-established practice in fracture mechanics
and also in continuum mechanics when embedded formulations are used. The convenience of
using these techniques in the context of smeared models is justified in References [26, 27] from
the stability analysis of the weak form of the associated discrete mechanical problem. In all the
examples, the smearing distance, /, is computed as explained in Section 2.2.

Calculations are performed with an enhanced version of the FE program COMET [31], devel-
oped at the International Center for Numerical Methods in Engineering (CIMNE). Pre- and post-
processing is done with GiD, also developed at CIMNE [32].

5.1. Perforated strip under tension

The first example is a plane-strain perforated strip subjected to axial vertical straining imposed at
both ends. Because of the symmetry of the domain and boundary conditions, only one half of the
domain (the right half) is considered. Dimensions of the strip are 20 x 40cm x cm (width x height)
and the radius of the perforation is r =1 cm. This example is selected because the initial geometry
does not present any singular point; tensile stresses are larger in the vicinity of the perforation and
damage starts there. It also represents an example of pure mode I fracture.

The computational domain is discretized in two different unstructured meshes with average
mesh sizes of he =5mm (2023 nodes) and s, =2.5mm (7648 nodes). The central part of the two
meshes is shown in Figure 7. The pre-processor used tends to introduce patches of equilateral
triangles with predominant directions at —30,+30 and +90° with the horizontal axis, none of
them parallel to the expected crack, which must propagate along the horizontal symmetry axis. It
must be remarked that, because both meshes are rather fine and there are no singular strain/stress
points in the domain, the difference in the slope of the elastic response of both meshes is less than
0.05% (see Figure 8).

The computed deformed shapes of the strip in the vicinity of the perforation are shown
in Figures 7(a) and (b) for the coarse and fine meshes, respectively ((half)-imposed vertical
displacement 6 =0.1 mm, with a displacement amplification factor of 100; the other half-imposed
displacement is applied at the opposite end of the strip). The different element sizes in both

Figure 7. Deformed geometries (x 100) on the central part of the specimen for perforated
strip: (a) coarse mesh and (b) fine mesh.
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Figure 8. Load vs displacement for perforated strip. Comparison between different mesh sizes.

meshes can be appreciated in these figures. As shown, the tracking technique used ensures that the
computed cracks in both analyses follow exactly the horizontal axis of symmetry of the perforation,
even if the elements in neither of the two meshes are aligned along this line.

Figure 8 shows (half)-load vs (half)-imposed vertical displacement curves obtained in the two
analyses. Because in this example the strain field is almost uniform prior to the inception of the
cracks, the response curve is almost linear until the cracks form in a rather explosive manner, with
a nearly exponential softening branch after the limit load is attained.

Note that the overall global response is satisfactorily similar upon mesh refinement, with the
total area under the load—displacement curve converging to the correct amount of energy dissipated
to create the cracks. No spurious brittleness is observed when the size of the elements is reduced.

Figure 9 shows the results obtained using the proposed formulation on the fine mesh. The three
columns represent, at the inception of damage (top) and when damage is almost complete (bottom):
(a) the contours for the vertical displacements, (b) the contours for the maximum principal strain
and (c) maximum principal strain vectors. The progressive concentration of the displacement
gradients (strains) in the elements lying along the horizontal axis of symmetry is evident in the
three columns. The bottom figures show how, when the failure mechanism is fully developed,
all the deformation concentrates in the formed horizontal crack, while the elements outside this
localization band are mostly undeformed. Therefore, the resolution of the cracks is optimal for
the mesh used. In the third column, it can be observed that the correct failure mechanism has
been predicted although the directions of the computed maximum principal total strain vectors are
clearly dependent on the mesh bias, as they are not vertical everywhere. For the coarser mesh,
similar results are obtained, although the strain localization is smeared across a row of elements
twice as large.

5.2. Four-point bending beam
The second example is a plane-strain doubly notched beam subjected to four-point bending.

Figure 10 depicts the geometry of the problem; dimensions of the beam are 134.0 x 30.6cm x cm
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Figure 9. Results for perforated strip using the proposed formulation. Evolution of (a) vertical displacement,
(b) maximum principal total strain and (c) vectors of maximum principal total strain.
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Figure 10. Geometry and load for four-point bending beam.

(width x height) and the length and width of the notches are 8.2 and 0.5 cm, respectively. The
load is applied at the central (rigid) supports (at 8.0 cm from the centre of the beam) by imposing
vertical displacements of opposite sign at the top and bottom supports. The two supports near
the extremes of the beam (at 20.3 cm) are fixed. This example is selected because it presents two
singular points at the tips of the notches; tensile stresses are very large in the vicinity of these
regions and damage starts there. It also represents an excellent example of mixed mode fracture.

The computational domain is discretized in three different unstructured meshes with average
mesh sizes of he =20mm (1189 nodes), he =10mm (2217 nodes) and s =5mm (5909 nodes).
The central part of the three meshes is shown in Figure 11. Although all meshes are rather fine,
the coarse and medium meshes exhibit a slope of the elastic response that is 4.34 and 2.10% stiffer
than the fine mesh, respectively (see Figure 12). This difference is due to the presence of singular
strain/stress points in the domain, and it affects appreciably the linear and non-linear response of
the three meshes.
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The computed deformed shapes of the central part of the beam, using the three different meshes,
are shown in Figures 11(a)—(c), respectively (imposed vertical displacement 6=0.1mm, with
a displacement amplification factor of 100). The different element sizes in the meshes can be
appreciated in these figures. As shown, the computed cracks in all the analyses follow very closely
the same path, starting at the tip of the notches and turning upwards to the point of application of
the loads. No spurious mesh bias is observed in any of the meshes.

Figure 12 shows load vs imposed vertical displacement curves obtained in the three analyses.
In this example the loading branch curves slowly as the cracks progress, turning into the softening
branch once the failure mechanism is fully developed. The load does not vanish completely because
only damage due to tensile effective stresses is considered, and the state of stresses near the loading
supports is mostly compressive. The overall global response is very similar upon mesh refinement,
although the effect of the different spatial discretizations can be observed. For comparison, Figure 12
also shows the curve obtained using a ‘classical’ orthotropic damage without mesh correction
(medium mesh, h. =10mm). In this case, the spurious shear stresses arrest the developing cracks

@ ®) ©

Figure 11. Deformed geometries (x 100) on the three meshes for four-point bending beam:
(a) coarse; (b) medium; and (c) fine.
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Figure 12. Load vs displacement for four-point bending beam with ‘corrected’
and ‘classical’ orthotropic models.
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Figure 13. Results for four-point bending beam using the proposed formulation.
Contours of (a) displacement, (b) maximum principal total strain, and (c) vectors
of maximum principal total strain.

when they reach the central axis of the beam, approximately, and these cannot progress further.
This shows in the diagram, as stress locking does not allow the reactions at the supports to reduce
after the peak values.

Figure 13 shows the results obtained using the proposed formulation on the fine mesh. The
three columns represent, at the inception of damage (top) and when damage is almost complete
(bottom) (a) the contours for the total displacements, (b) the contours for the maximum principal
strain and (c) the maximum principal strain vectors. As in the previous example, the bottom figures
show how, when the failure mechanism is fully developed, all the deformation concentrates in
the formed cracks, whereas the elements outside these bands are mostly undeformed. In the third
column, it can be observed that the correct failure mechanism has been predicted although the
directions of the computed maximum principal total strain vectors are clearly dependent on the
mesh bias, as they are not orthogonal to the crack path everywhere. Note in the left bottom plot
how, once both cracks are formed, the central part of the beam rotates almost as a rigid body
around the centre of the beam.

For the coarser meshes, similar results are obtained, although the strain localization is smeared
across a row of larger elements (see Figure 11).

6. CONCLUSIONS

The objective of this paper is to formulate a crack model in the spirit of the original continuous
crack approaches, where displacement jumps across the crack are smeared over the affected
elements and the behaviour of the crack is established through a softening stress—(total) strain law,
using standard FEs, such as linear triangles, and local constitutive models, such as orthotropic
continuum damage models. This approach is termed as embedded-smeared mesh-corrected crack
model.
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The shear locking observed in the discrete problem when the classical methods are used is
overcome with an idea borrowed from the well-established discontinuous embedded formulations:
the structure of the inelastic strains is linked to the geometry of the cracked element. The resulting
formulation is easily implemented in standard non-linear FE codes and it is suitable for engineering
applications in 2D and 3D. It is analytically demonstrated that the use of the proposed mesh
corrected crack model eliminates the stress locking commonly associated with orthotropic crack
models.

Numerical examples show that the smeared models, used in conjunction with appropriate tracking
techniques, do not suffer from spurious dependence of the computed structural response on the
mesh directional alignment. In addition, computed solutions indicate that continuous displacement
interpolations can reproduce problems involving crack propagation as satisfactorily as the discon-
tinuous approaches, if the softening parameter of the constitutive model is properly related to the
fracture energy of the material and to the size of the FEs in the localization band.
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